We overview the field of ionic liquids from the viewpoint of the electrochemist, considering the different classes of ionic liquids, aprotic, and protic that may be produced within the fields of inorganic and organic chemistry, utilizing both aprotic and protic types and some variants on the theme of particle transfer production of ionic materials. Brief mention will be made of the possible advantages of systems that are glassy solids but more conductive than most liquids, and semi-liquids, that are crystals with respect to their centers of mass, but have their rotational degrees of freedom, highly excited. Some applications in battery technology will be discussed, and some limitations will be noted.
Introduction
Ionic liquids (ILs) are interesting in electrochemistry mainly because of their ability to carry high ionic currents in two distinct cases: (i) for the aprotic class of ILs it is for current flow within a large window of electrochemical stability and hence the support a range of battery electrochemistries 1 , and (ii) for the protic class of ILs (PILs) it is for their tunability within a very wide "acidity window" 2 and thereby support a range of fuel cell systems 3, 4 . For case (i), the stability window can extend to almost 6 volts (liquids), and much more at the oxidative end if the liquid has vitrified 5 .
The protic ionic liquids are prepared by proton transfer from a Bronsted acid to a Bronsted base, and have been the subject of study since 1876 6, 7 with particular attention as a class of material within the ionic liquid field, in recent times 8, 9 , 2 . Much less wellstudied are the "halide-transfer" ionic liquids in which a halide ion is transferred from a halogenated molecular liquid to a strong Lewis acid, like AlCl 3 10,11 . Where the proton transfer can be 100% complete in many cases, it is difficult to obtain 100 % halide transfer. In some cases the conductivity is apparently much more complex in nature involving transient oxygen links to the Lewis acid 12 . This means that members of this class of ionic liquid tend to be of low ionicity relative to others examined on a Walden plot, although they can still be highly conducting due to their high fluidities. Finally we will discuss some new cases where the conductivity is liquid-like (10 mScm -1 ), while the system formally has solidified. Cases of interest are those obtained from inorganic ionic liquids that have frozen only in the first stage where the centers of mass have become ordered but the rotational and positional order of alkali cations, remains liquid-like below 100ºC 13 . These have high potential for use in solid state batteries.
In order to organize the different branches of this subject most efficiently we need a scheme that recognizes the place of ionic liquids in the larger arena of Electromaterials, and then a subscheme that recognizes the variants within the ionic liquids field itself. These have been presented elsewhere 1, 2 in an effort to provide a skeleton for development of the field of inorganic ionic liquids, to compliment the existing field of ionic liquids with organic components. They are presented below in Figure 1 and Figure 2 respectively. Figure 1 . The position of the ionic liquid field within the larger scheme of Electrochemical Materials. Because of the unique character of the proton as a fundamental particle, as well as an active charge carrier, we assign it a separate place within ionic electro materials field, which requires the linking of the protic and general ionic liquids subfields as shown.
Since the ionic liquids always contain two types of particles, differing in charge such as to provide a neutral material, it is necessary to recognize the possibility of four groups, as shown in Figure 2 . There has been much recent activity within the first of the above groups, (all organic) in the field of pharmaceuticals, where the cations and anions are formed from ions that have separate and distinct pharmacological activity. In aprotic cases these may still in principle be highly ionic materials, but when the ions are formed by proton transfer, as is often the case, the transfer free energy is too small and the ionicity is probably too low to satisfy the generally accepted concept of "ionic liquid". In any case they do not belong in the present discussion of electrochemical materials.
Aprotic ionic liquids and the electrochemical window.
It is possible to deposit alkali metals from both organic and inorganic classes of ionic liquids, when the right choice of ions is made. This provides a good illustration of the anodic stability that it is possible to achieve. In the presence of fluorinated anions it is also possible to avoid oxidation processes out to some 6 volts relative to Li/Li + . In each case the alkali deposition process is only possible because of kinetic limitations on the reduction of accompanying ions, and indeed the stability at alkali deposition potentials is rarely satisfactory in the case of organic cations: EMI + , for instance, is reduced at only 0.1 V more negative than Li+, so co-reduction is difficult to avoid 16, 17 Although vitrified ionic liquids are self-excluding from the field of "liquids" that is under discussion, it is worth noting that, in such materials, alkali metals can be reversibly deposited and stripped over an indefinite number of cycles, while there is no cathodic process observable out to 10 volts relative to Li/Li + , 18,19 a simple consequence of the fact that the only species that can move is the alkali ion. Two examples are given in Figure 5 .
The special advantages of the inorganic ILs discussed above were pointed out in ref. 12 They relate to the reduced AlCl 3 activity in these melts relative to the case of organic cation chloroaluminates that are susceptible to Al 3+ reduction particularly in AlCl 3 -rich (acidic) melts. Even in acid melts no AlCl 3 reduction occurs when the second component is a quasi-salt. The structural complexity that leads to this unusual stability is discussed in detail in ref. 12 Before leaving this section to discuss the protic ionic liquids, partly or wholly inorganic, that are of electrochemical interest, let us give some other examples of inorganic aprotic ionic liquids that merit further attention for special purposes. These are mixtures of pure lithium salts that individually have very high conductivities, higher than The manner in which these liquids, particularly the alkali metal chloroaluminates in the inorganic case, and the imidazolium derivative ambient ILs in the organic cation case, have been put to use in construction of energy storage and energy producing devices, has been the subject of numerous reviews 1,21,22 and will not be further addressed here.
Protic Ionic Liquids.
As noted earlier, the formation of ambient temperature ionic liquids by proton transfer between Brönsted acid and Brönsted base was the first way in which ionic liquids were produced, but these liquids have been little used in comparison with the enormous attention given to the more stable aprotic variety. Currently, attention is swinging back to protic ionic liquids thanks to the increasing recognition of the versatility of this type of medium that is provided by the tunability of the ionicitiy and, independently, of the proton activity, (i.e. the ionic liquid equivalent of the pH in aqueous solutions).
We have given overviews of this subject recently 2 and, in this article, will defer to the prior description except for a selection and annotation of some key diagrams. We limit the discussion to a review of the concept and quantitation of (i) the ionicity , and (ii) to the acidity, which determines how active the proton will be in the chemical sense. For the ionicity, we concentrate on its visualization using a classical concept, the Walden plot which quantifies the extent to which the conductivity is controlled by the overall viscosity. The magnitude of the acidity, on the other hand, will determine whether the application of the PIL in, for instance, a fuel cell, will correspond to acid, neutral or basic conditions as used in the analogous aqueous systems. Two key diagrams are involved in the discussion. Both are taken from ref.
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Ionicity and the Walden Plot. The first is the Walden plot in which ideal behavior (in which total ionic dissociation is assumed and ions can only move when the total structure reorganizes i.e. complete viscosity control) is given by the diagonal based on data for a standard (1M) LiCl solution 8 . Miran and Watanabe 23 have recently shown that the ionicity assessed by the deviation from the ideal line in Figure 8 is well correlated with that assessed from the alternative basis of assessment, viz., the deviation from the Nernst-Einstein equation, which requires the measurement of diffusion coefficients of all ionic species, rather than simply viscosities, to make the comparisons for different liquids.
The proton energy level diagram.
For lack of alternatives at this time, the relative energies of the protons on different protonated species are compared on an approximate diagram that assumes some commonality amongst ionic liquids that is not really justified. The formally correct diagram would compare all acid species with each other in a common basic solvent, as was done by Gurney 24 for the case of acids in the common solvent water, long ago. given in text. Arrows indicate proton transfers of different magnitude between different acidity levels to establish ionic liquids of ionicities determined by the energy level difference between donor an acceptor levels, and of acidities determined by the mean acidity of the donor-acceptor pair 25 . Thus superacidic, acidic, and neutral ionic liquids of high ionicity can be created.
solvent water, long ago. However, whereas solutions of salts in water are highly nonideal, mixtures of molten salts of comparable Lewis acidity have long been known to be relatively ideal, and this is likely the same for low melting ionic liquids also (though few data are available to establish the facts). A major disadvantage of being formally correct is that one would then need to prepare a separate Gurney diagram for every base, which is impractical. Figure 9 is based on the values of pK a established in aqueous solutions. Although this may seem a grotesque assumption, in fact it only amounts (thermodynamically) to assuming that the free energies of solvation in water of each ion type of the IL in question, are the same. While this would be a very bad assumption for inorganic cations whose sizes and charges are usually very different from those of the corresponding anions, it is probably not too bad for the larger ions that constitute the typical ionic liquid.
Applications of protic ionic liquids in electrochemistry.
Clearly applications of protic ionic liquids to battery chemistries can only be considered for cations less electroactive than the proton that has been transferred. Though such systems surely exist, they are not currently given much attention. On the other hand the fact that proton transfer ionic liquids based on large proton energy transfers have high thermal stabilities and low vapor pressures, suits them for a variety of purposes, in particular their utilization as fuel cell electrolytes. It is indeed strange that, in the 150 years of fuel cell development, the idea of using a proton transfer ionic liquid to ferry the protons from anode to cathode, was only brought to the fore in 1998 26 27 and only applied using pure protic ionic liquids in 2003 3 . Even stranger is it that the use of inorganic transfer cations such as ammonium, which has been familiar since pre-chemistry (alchemy) days, was not considered until 2006 4 .
For both organic cation and inorganic cation electrolytes the results have been favorable and have permitted operation at temperatures far above those permitted by the usual membrane of choice (Nafion). Fuel cells with membranes using PILs absorbed into advanced sulfonated polymers have been described by Watanabe's group (Lee et al. 28 ) but high temperature performance has not yet been optimized. The excellent results obtained at ambient temperature are shown in Figure 10 .
In the inorganic PIL case, much effort was expended seeking to create derivatized siloxy polymers to absorb the PILs 29 . While conductivities of order 10 -3 Scm -1
could be obtained at high loadings, the performance in an actual fuel cell was too poor (apparently due to fuel crossover) to merit reporting.
The early explorations of this phenomenology suggested 4 that fuel cell performance would be optimized when the proton transfer energy was intermediate between 0 and the largest values easily obtained. It appeared that the open circuit voltage could be as large as 1.15 V (this is the theoretical value for the standard cell reaction at 150ºC, but the observed value is partly a consequence of the low partial pressure of H 2 O on the product side in the fuel cell case)) when the proton energy gap in Figure 9 corresponded to a difference in pK aa values of 15. A value close to this has recently been confirmed by much more careful measurements by Miran et al. 28 by permission).
The search now must be for a modification of the IL that incorporates a cathode electrocatalyst. The reason that early results with ethylammonium nitrate as fuel cell electrolyte, yields an initial OCV of 1.23V at ambient temperature and 1.15 at 120ºC (i.e. the reversible potential) for a short time under load 4 has not been explained, but may point the way to progress in electrocatalysis.
New Developments
Also mentioned in our title and abstract were "quasi-liquid ionics". These materials are currently under development and cannot be described in detail here. They are a new class of material, not represented on Figure 1 , that are liquid-like in a fraction of their degrees of freedom, but crystal-like in another. They have glass transition temperatures for the liquid-like degrees of freedom, but survive as solids to temperatures much higher than T g thanks to the crystal-like degrees of freedom. They have the enormous advantage of being single ion (alkali metal) conductors with conductivities in the >mS/cm domain. Their nature and properties will be described in detail in future articles.
Concluding remarks
Much remains to be reported in the field of ionic liquids applied to the energy sciences. The electrochemical aspects discussed in this article constitute only a small part of the whole, and even within this component of the field there is activity far beyond the findings that we have been able to comment on in this short summary. In the broader field, the recent activity can be judged from the current review by MacFarlane et al. 30 
